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The RandaU-Sundrum scenario with Standard Model fields in the bulk and a custodial symmetry 

is considered. We determine the several minimal quark representations allowing to address the 

anomalies in the forward-backward fe-quark asymmetry A*'pg, while reproducing the bottom and 

top masses via wave function overlaps. The calculated corrections of the Zbh coupling include the 

combined effects of mixings with both Kaluza-Klein excitations of gauge bosons and new &'-like 

states. It is shown that the mechanism, in which the left-handed doublet of third generation quarks 

results from a mixing on the UV boundary of introduced fields Qil and Q2L, is necessary for 

phenomenological reasons. Within the obtained models, both the global fit of Ri, with A''pg [at the 

various center of mass energies] and the fit of last precision electroweak data in the light fermion 

^—v sector can simultaneously be improved significantly with respect to the pure Standard Model case, 

(-— «, for Mkk = 3,4,5 TeV (first KK gauge boson) and a best-fit Higgs mass nih > 115 GeV i.e. 

^vj compatible with the LEP2 direct limit. The quantitative analysis of the oblique parameters S,T,U 

even shows that heavy Higgs mass values up to ~ 500 GeV may still give rise to an acceptable quality 

*-^ of the electroweak data fit, in contrast with the Standard Model. The set of obtained constraints on 

j' the parameter space, derived partly from precision electroweak data, is complementary of a future 

^-^ direct exploration of this parameter space at the LHC. In particular, we find that custodians, like 

C^ b' modes, can be as light as ~ 1200 GeV i.e. a mass lying possibly in the potential reach of LHC. 

m 

^ I. INTRODUCTION 

a, 

o The fine-tuning problem, related to the high discrepancy between the Electro Weak (EW) symme- 

Q-) try breaking scale and the Planck mass scale (gauge hierarchy), is probably the strongest indication 
for the existence of a physics underlying the Standard Model (SM). The SM extension to a geome- 
trical setup with additional warped spatial dimension(s), as proposed by Randall and Sundrum (RS) 
'r^ [T] , represents a new paradigm [BB] [2] allowing to avoid the fine-tuning problem without supersym- 
metry. In such an higher-dimensional framework, the hierarchy between EW and Planck scales is 
generated exponentially through the warping. 
■^ Within the version of the RS model suggested originally - RSI - the SM fields were confined on the 

(^ TeV-brane where the effective cut-off is of order of the TeV. This feature was entering in confiict with 
O the presence of dangerous higher dimension operators, inducing Flavor-Changing Neutral Current 
Q (FCNC) effects, which must be suppressed by energy scales of at least ~ 10^ TeV. Even if these 
!| operators could be reduced by some geometrical factors, the flavor sector was remaining sensitive 
K~M ^° ^^^ Ultraviolet (UV) physics. It was proposed later |1] to let all SM flelds, except the Higgs 
rN boson (then the EW scale remains protected by the low cut-off), propagating along the warped 
c3 extra dimension. 

Furthermore, those RS versions with matter in the bulk beneflt from several attractive aspects. 
First, a purely geometrical mechanism for generating the fermion flavor structure arises quite natu- 
rally: if the three families of fermions are localized differently along the extra dimension [67], their 
couplings to the Higgs fleld, and thus their 4-dimensional effective Yukawa couplings, exhibit the 
necessary hierarchical patterns [H O |6]. In addition, these RS versions turn out to constitute a 
suitable framework with respect to model building in general as well as various speciflc phenomeno- 
logical issues. For instance, those allow for the uniflcation of gauge couplings at high-energies [7| . 
They even provide new Weakly Interacting Massive Particle (WIMP) candidates for the dark matter 
of universe [HI E] . 

Nevertheless, the fact that the SM flelds are located in the bulk leads to the presence of towers 
of Kaluza-Klein (KK) excitations associated to fermion and gauge flelds. This results in mixings 
between the SM flelds (both fermions and bosons) and their KK states. That mixing in turn induces 
tree-level corrections to the SM couplings and hence large deviations to the set of EW observables 
which are measured with an high accuracy nowadays [10]. Therefore, these measurements impose 
typically the mass of the flrst KK gauge boson excitation Mkk (more precisely the KK photon 









mass) to be larger than ~ 10 TeV [TT]. This bound introduces the httle hierarchy problem, namely 
the fine-tuning required to explain the smallness of the EW scale with respect to M^k- However, 
extending the SM group, by gauging the custodial symmetry SU(2)lX SU(2)rxU(1)x in the bulk, 
allows the EW bound on Mj^k to be lowered down to ~ 3 TeV [12] |SB]- An alternative possibility 
to soften this indirect EW limit on Mkk from ~ 10 TeV down to ~ 5 TeV [H], being not retained 
here, is to consider a scenario using (large) brane-localized kinetic terms for fermions and gauge 
fields [15]. 

In this paper, we will first show precisely how one can even solve the notorious anomaly on 
the forward-backward 6-quark asymmetry Ap^ in e+e~ collisions [I6], Ap^ constituting with Rb = 
r(Z° — > hh)/T{Z^ -^ hadrons) (ratio of the partial decay widths for the Z^ boson) the main precision 
EW observables in the third quark generation sector. Indeed, the A!'p^ measurements, around the 
Z° pole (LEPl) [ini [IT], at center of mass energies below (from PEP to TRISTAN) [IHl [IHl 120] and 
far above (LEP2) [22], remain today the only set of experimental data presenting several significant 
deviations from the theoretical SM predictions. In the RS context with bulk matter, in contrast 
with supersymmetric models [21], tree-level corrections to the Z^ boson coupling arise and can be 
sufficiently large to explain the A^p^ deviations from their SM expectation. Moreover, in the RS 
model, the heavy fiavor fermions are localized closely to the TeV-brane and acquire thus, relatively to 
light fiavors, some larger couplings (mixings) to the Z" boson (fermion) KK excitations which are also 
typically located towards this same brane. In turn, the heavier fiavor fermions get larger corrections 
to the Z^ vertex through both boson and fermion mixing effects with KK modes. Therefore the RS 
framework can naturally generates deviations of the Z^ couplings, from their SM value, that arise 
mainly in the third quark generation sector. Then the Left and right-handed Z^ coupling deviations 
can be additive in A^p^ while compensating each other in the Rh observable, thanks to the sign 
difference in front of Z° charges |23j . 

In contrast with the preliminary study in [23] , here the contribution to the Z^ coupling correction 
coming from the mixing between the 6-quark and the relevant fermionic KK excitations, a mixing 
caused by the EW Symmetry Breaking (SB), will be taken into account. This mixing effect is 
in general expected to be important since certain fermionic KK excitations are particularly light. 
Those are the new right-handed quarks noted 6^ (the so-called 'custodians') of electric charge —1/3, 
which correspond to some SU(2)r partner of the right-handed top quark t^ [HH]- The h'^ quarks 
have Dirichlet boundary condition on the Planck-brane and Neumann one on the TeV-brane [21], 
which is written ( — h), so that they have no zero-mode (the mode with vanishing KK mass). Their 
first KK mass tends to be relatively low with respect to the EWSB scale (a few hundred GeV can 
be reached a priori) since it is controlled [8J by the same q^ parameter as the top quark which must 
be sufficiently small in order to localize t^ towards the TeV-brane and thus create a large top mass 
uit. 

Furthermore, we will determine here the list of explicit quark representations under the extended 
symmetry SU(2)lX SU(2)rxU(1)x, considering only the minimal representations (not bigger than 
the representation 3), that lead to the specific Z° coupling deviations allowing to solve the A'^p^ 
anomaly. For the various scenarios of representation type obtained, the domains of parameter space 
{cj} corresponding to solutions of the A^r^ anomaly and simultaneously reproducing the quark mass 
values will be presented, a study which was also not performed in [23]. More precisely, we will first 
show that there exist no values of the parameters q^, Ch^ and cg^ {Ql = (tL,bLy being the SM 
SU(2)l doublet field) that reproduce the top and bottom quark masses while addressing the Ap^ 
problem. In order to avoid this difficulty, one is forced to apply a certain mechanism: let us suppose 
that the Yukawa couplings are of the form Ti-ifj^yiQiL} and 'H{Q2L}{b'}i} where e.g. {6^} stands 
for the whole multiplet representation under the custodial symmetry containing the right-handed 
6^ quark and TC is the Higgs boson representation. The SM left-handed doublet Ql can result 
from a combination of Qil and Q2L which are mixed on the UV boundary. Then, there are more 
freedom on the parameters cq^^ (= ci) and cq^^ (= C2), fixing respectively rrit and rub, than on cg^ 
that fixes both rrit and nib in the usual case. We will present some regions of the parameter space 



{ci, C2, Q^, Cfc^} which satisfy the conditions to solve the A^p^ problem and also generate the correct 
nit, rrih values. 

The above mechanism was invoked, in the framework of the custodial symmetry 0(3) [2S] [10], as a 
possibility to consider different group embeddings for {Q2l} and thus for {6^} leading to a positive 
correction of the Z^ coupling. The mechanism was necessary because {Qil} was chosen to be fixed to 
a representation (2, 2)2/3 under SU(2)lxSU(2)rxU(1)x due to the Plr parity, in contrast with the 
present context where various embeddings for the {Qil} multiplet will be considered. As explained 
above, our motivation for applying this mechanism is of a different nature. A concrete realization of 
such a mechanism was already proposed in the other context of composite Higgs models [26]. The 
holographic interpretation of this mechanism is that the elementary field Ql couples to a strongly 
coupled Conformal Field Theory (CFT) sector via two different composite operators Oi and O2, the 
first responsible for generating the top mass, the second for the bottom mass |26j . 

Finally, within the present RS framework addressing the A''p^ anomaly in the third quark genera- 
tion sector, the fit of the precision EW data in the complementary sector of SM gauge bosons and 
light fermions will be analyzed as well, in terms of the parameters S, T and U which synthesize the 
corrections to EW observables [27], an analysis missing in |23j. Some satisfactory x^-analysis results 
will be obtained for values of gz' [ZI] compatible with the A''^^ solutions, and, for Mkk as low as 
3 — 5 TeV thanks to the global custodial isospin symmetry in the CFT Higgs sector. Note that 
for certain domains of the obtained parameter space, some predicted b' masses are lower: those can 
reach ~ 1200 GeV which opens the possibility of a significant direct production rate at the LHC 
Another encouraging aspect of this obtained fit analysis is the comparison with the SM case. In 
the SM context, fits made to high energy precision EW data in 2006, including the sin^ 9^^^ [72] 
value derived from the Ap^ measurement at LEPl, led to a best-fit value for the Higgs mass of 
TUh = 85],^3g GeV [28] . By removing from the global SM fit the sin^ 9^^ value coming from Ap^ [73] , 
the obtained best-fit Higgs mass would have been even smaller [30] . In these fits, the values used 
for the W^ boson and top quark masses were mw± = 80.392 ± 0.029 GeV and rrit = 171.4 ± 2.1 
GeV. Updating these masses to the most recent world average values of m\Y± = 80.398 ± 0.025 GeV 
(combined Tevatron Run II and LEP2 results) [T7l[^ [52] and rrit = 170.9 ±1.8 GeV (Tevatron Run 
II data from CDF and DO) [171 [3ll |33], the SM best-fit Higgs mass decreases down to irih = 7^+33 
GeV [32], a value in weak agreement with the limit deduced from direct Higgs boson searches at 
LEP2: ruh > 114.4 GeV at 95%C.L. [29j- This disagreement in the SM between the direct lower 
limit on the Higgs mass and its value most favored by precision EW data - especially when the 
A''p^ measurement is excluded from the fit - may be seen as an indication for the existence of a new 
physics underlying the SM (see e.g. [201 131] )• In our RS scenario, we find that the best-fit Higgs 
mass can be higher than the LEP2 limit at 114.4 GeV, a result which constitutes a possible way out 
of the above SM conflict. 

Besides, we will show that for rrih > 115 GeV, the fit of precision EW data is significantly improved 
with respect to SM due to the corrections of EW observables from mixings with KK states. In 
particular, we find that EW fits better than in the SM can be obtained for Mkk = 3 — 5 TeV and 
rrih as high as 190 GeV, a value in the mass range where the second dominant Higgs decay becomes 
the channel h —>■ Z^Z^ which offers possibly a clean and purely leptonic final state signature at 
LHC. Besides, the discovery of such an heavy Higgs would thus constitute an indication in favor of 
RS-like models and would exclude the Minimal Supersymmetric Standard Model in which m,h ^ 140 
GeV [except in the warped 5-dimensional supersymmetry case [SS]]' namely the conservative bound 
(holding even in the large tan/5 limit) due to the intrinsic structure of the supersymmetric extended 
Higgs sector [36] . 

The paper is organized as follows. In next section, we remind to the reader the theoretical frame- 
work of the RS scenario with matter in the bulk charged under a custodial symmetry. The corrections 
to the Z^ coupling induced by mixings with fermion and boson KK excitations is also given there. 



In Section HI, we study the corrections to EW observables arising in the context of the RS model. 



through an analysis in the plan T versus 5* for a fixed U value. The precision EW data on the 



heavy quarks, including Ap^, are treated separately in Section IV In this part, we also discuss the 
specific fermion representations and describe precisely the corresponding mass matrices. Finally, we 
conclude in the last section. 

II. RS FRAMEWORK AND THEORETICAL TOOLS 

Geometrical setup: The geometrical setup of the RS model consists of a 5-dimensional theory 
where the warped extra dimension is compactified over a 5*^/^2 orbifold. As already mentioned, in 
the version studied here, the SM fields propagate along the extra spatial dimension, like gravity, 
whereas the Higgs boson is stuck on the TeV-brane. While the gravity scale on the Planck-brane is 
Mpianck = 2.44 X 10^^ GeV, the effective scale on the TeV-brane M^ = e~'^^^'' Mpis^nck is suppressed 
by a warp factor which depends on the curvature radius of the anti-de Sitter space 1/k and on the 
compactification radius Re- If the product kR^ — 11 then M^ = C(l) TeV which allows to address 
the gauge hierarchy problem. In the following, we will take kR^ ~ 10.11 so that the maximum value 
of Mkx — 2Ake~'^^^'= , fixed by the theoretical consistency bound k < O.lOSMpianck, is 10 TeV in 



agreement with the range Mkk = 3 — 5 TeV considered in Sections III and IV 



5D fermion masses: As usually in this context, a parameter noted q is introduced for 
quantifying the 5-dimensional solitonic mass, ±Cfk, affected to each fermion multiplet in the fun- 
damental theory. These masses determine the fermion localizations. For instance, if the parameter 
Ci decreases, the associated zero-mode fermion gets a 5-dimensional profile closer to the TeV-brane 
and acquire in turn a larger mass after EWSB. It is remarkable that this geometrical mechanism for 
mass generation is possible for absolute values satisfying all |cj| ~ 1, i.e. for fundamental mass pa- 
rameters all of the same order as the unique scale of the theory: the reduced Planck mass Mpianck ~ k. 

Custodial symmetry breaking: As suggested originally in [121, ^^^ ^^ gauge group is recovered 
after the breaking of the SU(2)r group into U(1)r, by boundary condition and possibly also by a 
small breaking of SU(2)r in the bulk as will be discussed in more details later on. Then the breaking 
U(1)r X U(l)x -^ U(1)y occurs via a Vacuum Expectation Value (VEV) on the UV brane: the state 
W^, associated to the U(1)r group, mixes with B, associated to the U(l)x factor, to give the SM 
hypercharge B boson, the orthogonal linear combination being the Z' boson. The Z' profile mimics 
a ( — h) boundary condition and has thus no zero-mode. Its first KK mass is close, in value, to Mkk- 

Z" vertex corrections: In the RS framework, the Z° coupling to fermions receives correc- 
tions due to the mixing, caused by EWSB, of the SM Z^ boson with its KK excitations and with 
the new Z' boson. We now give the expression for these additive corrections ^12j that will be useful 
for the following. The first term originates from the mixing with the Z° KK excitations noted Z^"'^ 
[n > 1], whereas the second term is due to the mixing with the Z'^"' excitations: 
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In this expression, 5g^J^ /g^J'^ stands for the relative deviation of the whole SM Z° coupling to a 
fermion /l/_r, which is associated to a chirality L/R and to a parameter c/^^^ (see above), gz = 
g/cosdw, where 6]^ is the Weinberg angle, is the SM Z^ coupling constant. In our notations, the 
SM charge 

QiT = 4r-QL.^in'0w, (2) 



where I^,^^ represents the third component of weak isospin and Ql^ the electric charge, affects the 
Z^ couphng to fi/R- The new charge 
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is in factor of the Z' couphng to /l/_r: I^f/"^ is the SU(2)r isospin number, Y^^/^ the usual hyper- 
charge and 6' the mixing angle between W^ and B. The U(l) charges are related through: 

vfL/R — ri^L/R jIl/R _ ^f _ jfL/R 

^ — Vx "1" -'3/? ~ Vein. -'3L 



where Qx^^ is the fi/R charge under U(l)x- For the neutral Higgs boson, Y 
Section 
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hh (see 



IV A|) so that Q''z,/Qzo 
F{c) = 



cos 6'. Finally, the functions F{c) and F'{c) read as. 
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The new mixing angle is given by sin 6' = g' /gz' with g"^, = g"^ + g'"^, where g and g' are respectively 
the SU(2)r and U(l)x couplings; the coupling g' of the SM U(1)y group reads as g' = gg' /gz'- From 
these relations, one deduces 



2 sin^ e' = l±y/l- {2g'lgz')\ 2g' / g'^, = 1 ^ ^1 - {2g'lg, 



(6) 



On the other side, the mixing caused by EWSB between a given SM fermion Jl/r and some 
fermionic KK excitation, noted f^m, brings a different type of correction to this Z^f^/jifL/ji vertex. 
The final coupling of the lightest mass eigenstate (identified as the observed particle), resulting from 



^Jl/r 



the /i/R — /£/^ mixing, is sm.^ O^'^gzQ'^o'^ + cos'^ 9^^ gzQ''zo^ where 9^^ is the associated mixing 
angle. Note that there is no overlap factor depending on c/^^^ or Cjkk, due to the orthonormality 

condition for (fermion) wave functions and the flat profile of Z^ along the fifth dimension. Therefore, 

one can write the relative deviation of the coupling gzJ^ = gzQ zo'^ for the SM vertex Z^fi/jifi/R, 
induced by such a fermion mixing, as: 
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since fi/R and f^m must possess an identical electric charge. This description of the fermion mixing 
effect is quite effective but the calculation approach for fermion mixing angles will be presented 
later. For several fermion KK modes mixing with a given Jl/r, one has to sum over the different 
corrections of type ([T]), recovering then the formula (19) of 



III. FIT OF PRECISION EW DATA 



A. Corrections on EW observables 



The presence of KK excitations of gauge bosons induces a modification, after EWSB, of the 
EW gauge boson propagators through vacuum polarization effects. These modifications are called 



"oblique" corrections (as opposed to "direct" vertex and box corrections that modify the form of the 
interactions themselves) and are parameterized by the three S^^s^T^iSyUjis quantities introduced in 
|27j . The index RS here indicates that those are evaluated within the RS model, and the dimension- 
less parameters Srs^^rsj^^rs are defined such that they vanish in the absence of KK gauge boson 
excitations (see for instance [37]). 

For the light SM fermions, i.e. excluding the quarks b and t, the associated parameters ciight 
are taken larger than 0.5, the motivation being to generate small masses [Sj and to minimize their 
couplings to KK gauge boson excitations (and thus corrections to EW observables). Then in the 
low-energy effective Lagrangian, the fermion-Higgs higher-dimensional operators, obtained after 
having integrated out heavy KK modes, get a special form which allows one to redefine their effects 
into purely oblique corrections [121 EHl EH] • 

In the third quark generation sector, the Cj parameters that we will obtain in our analysis are smaller 
than 0.5, due typically to the necessity of producing relatively large masses and corrections to the Z^ 
vertex. By consequence, the corrections to EW observables in this sector will be treated separately 
in Section |IV| through a fit analysis independent from the oblique parameters. 
Finally, the effects from the effective 4-fermion operators are negligible y^ for cught > 0.5 and 
Mkk = 3 — 5 TeV as we consider throughout this paper. 

For ciight > 0.5 + e (e > 0.1 suffices) typically, the oblique parameter Srs reads as [121 
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where v ^ 246 GeV is the Higgs boson VEV. The first term in Eq.rtSj) is the contribution from 
fermion-Higgs higher-dimensional operators and it is positive. The second term comes from the 
gauge-Higgs sector and is negative so it tends to decrease S'rs. However, this term is at order 
{v/MkkY a^d is thus smaller than the first one at order {v/MkkY ■ Besides, it is not the only term 
at order {v/MkkY tiut it has the particularity to be enhanced by both the factors kiiRc and g\i. 
the oblique parameter Trs reads as ^12j 
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where M is the W^ mass originating from the small bulk breaking of SU(2)r. This expression 
shows that the bulk custodial symmetry protects the parameter Trs from acquiring large values. 
Another scenario (called Scenario II in [12]) is the case where SU(2)r remains unbroken in the bulk. 
Then the dominant contribution to Trs comes from the exchange of t and h' quarks at the one-loop 
level. Here we will not consider this different kind of scenario where Trs is generated radiatively 
and its estimation relies on a sum over fermion/boson KK towers depending on the choice of quark 



representations (see Section IV). 



Finally, the parameter [/rs can be deduced from the vacuum polarization amplitudes given in 

t/Rs^A^TT^i?,^— -— . (10) 
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It appears that the bulk custodial symmetry also protects this parameter [/rs. ?7rs is non-vanishing 
only at the order {v/MkkY i^ the KK expansion, in contrast with S'rs and Trs. Hence, for all the 
values of gz', M and Mkk that we will consider, the [/rs values obtained are ~ 5 10~^ which is 
completely negligible compared to S'rs, Trs. In the following analysis, we will thus fix [/rs at zero 
in an extremely good approximation. 



B. Confrontation of the RS model with experimental data 

Concerning the oblique corrections, if one considers the hmit Mkk 3> m^o [73] then all the new 
effects induced by the RS model on the EW observables can be parameterized in terms of six real 
variables. Three of those can be reabsorbed in the definitions of the input quantities, namely the 
most accurately measured EW observables: mzo, the electromagnetic fine-structure constant a and 
the Fermi coupling constant G^ determined in muon decay. This leaves three independent variables 
which can be chosen to be Srs, ^rs and [/rs [ZS]. Then the corrections to EW observables measured 
up to the mzo scale can be expressed in function of the three variables S'Rs^^RS^f^RS only. For 
instance, the theoretical expression for the observable mvy± reads as 
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where myy±\sM represents the value calculated as accurately as possible within the pure SM. sq 
(co) stands for sin^o (cos^o), ^0 being the electroweak mixing angle obtained in the improved Born 
approximation, namely by taking into account only the well known QED running of a up to the 
nizo scale [T7] : 
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As is clear e.g. from Eq.(ll), the accurate measurements of EW observables translate into limits 
in the plan Trs versus S'rs, if one fixes L^rs at zero (as justified at the end of previous section). 
These limits depend on the SM expectation, e.g. noted rriwilsM in the case of the W^ mass. In 
general, the precise predictions of EW observable values calculated within the SM from QCD/EW 
corrections depend in turn on the top and Higgs masses as well as the strong coupling constant and 
the photon vacuum polarization Aa (defined through a(m|o) = Q;(0)/(1 — Aa)) [151 SHI HZ], e.g. 
mw±\sM = mw±\sM{mt,mh,as,Aa). 

Numerical results in the SM: In Fig.Q, we present the limits in the plan {T,S} [77] 
corresponding to values of m^^i , sin^ 9^^^ and the partial Z° width F^ (single charged lepton flavor 
channel) within la deviation from their experimental central value. The experimental value used 
here for sin^ 9^^^ is a combination of 6 values resulting from the measurements of the following 
6 asymmetries: Ap^^rrizo), Ae^Pr), Ae{SLD), Ap^{mzo), Ap^{mzo) and Q']?^- For instance, 
Ap^{mzo) = {3/4:)AeAe is the charged lepton forward-backward asymmetry measured at the Z^ 
resonance, Ae = (g'^J'o — 9^ )/{9'zo + 9z° ) being the pure electron asymmetry parameter [T7j . 
Note that we concentrate on the experimental measurements of mvi/± , sin^ 9^^ and V^ as those 
are the most precise and crucial in constraining the plan {T, 5*} [ID] (these constraints are clearly 
model-independent) . 

In Fig. ([I]), we also show the contour levels in {T, 5} associated to different goodness-of-fit (for 
m/i = 115 GeV and nth = 190 GeV). Those result from a x^^analysis of the fit between the 



theoretical predictions for mw±, sin^^JI'*, F« (see for example Eq.(ll)) and their respective 
experimental values. In this x^^analysis, we take into account the 2 measurements of m^r± at LEP2 
and Tevatron Run II, the 3 measurements of F« (one for each flavor) and the 6 measurements of 

sin^C^ 

We see on this figure that the reference SM point, at the origin of {T, S} (where e.g. 

mw^ = ^tT'W^Ism), corresponds to 10.3% [this probability, used throughout all the paper, 

represents the p-value quantifying the goodness-of-fit] with respect to the fit of considered EW 

observables, for rrih = 115 GeV which is close to the direct LEP2 limit (22) • One observes that 

for ruh increased to 190 GeV, the fit quality in the SM is degraded. We have also explored the 



heavy Higgs regime and we find that for ruh 

[XV11 = 5.7]. 



500 GeV the SM fit has a p-value of only 2.5 10" 
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FIG. 1: Contour levels in the plan {T, 5} at 10.3% [x^/d.o./. = 1.56 with a degree of freedom {d.o.j .) equal to 11] and 14.3% 
[x^/d.o./. = 1.45] for the fit of the 2 experimental values of ra^±, the values of ree,r^^,rTT and the 6 measurements of 
sin^ Q^^^: the two ellipses in dashed-line are for m^ — 115 GeV (the external one is at 10.3%). The blue ellipse corresponds 
to 10.3% [x'^/rf.o./. = 1.56] for ruh ~ 190 GeV. We also show, for rrih. = 115 GeV, the three bands corresponding to values 
of the considered EW observables equal to their measured value (taking into account the experimental uncertainty) namely: 
ra^± = 80.398 ± 0.025 GeV [combined Tevatron Run II and LEP2 results] [T71 [HI [31], r« = 83.96 ± 0.09 MeV [combined 
measurements for the 3 flavors] [17] and sin^ Q^^^ = 0.23153 ± 0.00016 [from combination of the 6 asymmetries] [17]. We use 
the exact results from the two-loop calculations for m^±\sM (valid in the domain 100 GeV < rtih < 1 TeV) [35], ^u\sm 
(75 GeV < ruh < 350 GeV) [46| and sin^ 9'-J''\sm (10 GeV < mn < 1 TeV) [47]. The other quantities, on which those 
SM predictions depend, are fixed at rrit — 170 GeV (in agreement with recent data: see introduction), a^ = 0.118 |48| and 
Aa = Aaiept + Aanad + Aatop with Am^pt = 0.03150 [49]; Aahad = 0.02758 ± 0.00035 [50]; Aatop = -0.00007 [48]. Finally, 
the point [in red] at the origin represents the SM reference point because U — 0. 



Numerical results in the RS model: In the context of th e present RS model, the preci- 
sion data on Ap^ should be treated separately (see Section IIIA[) so the value of sin^ 6^^^ deduced 



from the A''p^{mzo) measurement, and used in Fig.(llj), must not be included in the precision EW 
constraint analysis in the pure gauge and light fermion sector studied in this section. More precisely, 
this value of sin^ ^J^* equal to 0.23221 ± 0.00029 is deduced [T7] from the experimental value for 

ApBi^zo) directly by using the SM expression A^pB{mzo)\sM oc A = {g% ^ - 5'z?) )/i9% "^ + 9^^ )■ 
Now in the RS model, y4^^(m^o) depends on the corrections induced on g^J of the type ([l| and 

so that the sin^ 9^1^ value obtained 
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71), which are significant as will be exposed in Section 

through the SM expression A^p^{mzo)\sM is not valid anymore. Therefore, in Fig.([2j), we show 
experimental limits on {rRs,5'Rs} domains without including the sm^ 9^^^ value extracted through 
the A^p^{mzo)\sM expression (the A^p^ measurements will be treated in Section IV) [TS]. By 
comparing Fig.(|l|) and Fig. (121) 



we observe in particular that this effect of excluding the A^p^imzo) 
measurement is a shift along the S axis of the la band corresponding to the combined sin^ 9^^ 
experimental value (which is modified). 

Let us make a comment, at this level, concerning our choice of rrih range in Fig. ([2]). We remark 
that the LEP2 limit nih > 114.4 GeV obtained within the SM remains valid in the RS context 
as a good approximation. Indeed, it originates from the experimental search for the Higgs boson 
production which occurs mainly through the Higgsstrahlung process e^e~ — »• hZ^ [29]. In the RS 
scenario, the relative deviation of the hZ^Z^ coupling with respect to the SM is typically of the order 
of the percent. For such a small correction, the constraint remains nih ^115 GeV (see also [52] ) 



0.4 



-RS 



: m/j=190GeV 
m/j=115GeV 




FIG. 2: Contour levels in the plan {Trs, Sns} at 37.3% [x^ /d.o.f. = 1.08 with a degree of freedom (d.o.f.) equal to 10] and 55.6% 
[x^ /d.o.f. = 0.87] for the fit of the 2 experimental values of m^y±, the values of ree,r^^,rrT and the 5 measurements of sin^ 9^^^ 
(the measurement derived directly from the A''pg{mzo) experimental value is not included): the two ellipses in dashed-line are 
for nih — 115 GeV (the external one is at 37.3%). The blue ellipse corresponds to 42.3% [x^ /d.o.f . = 1.02] for nih = 190 GeV. 
We also present, for irih = 115 GeV, the three bands corresponding to values of the considered EW observables equal to their 
measured value: m^y± = 80.398 ± 0.025 GeV [combined Tevatron Run II and LEP2 results] [T71 EH |32] , Tu = 83.96 ± 0.09 
MeV [combined measurements for the 3 flavors] |17) and sin'^ 9^^^ = 0.23122 ±0.00019 [from combination of the 5 asymmetries] 
|17| . The values used for m^j^i \,sm, ^ee\sM, sin^ S^g^lsM, m.t, Qs and Aa are the same as in Fig.Jlk. The three (quasi aligned) 
theoretical points [in red] correspond respectively, from right to left, to Mkk = 3 TeV, o^' = 2.23, M /k = 0.10 ; Mkk = 4 
TeV, gz' = 1.25, M/k = 0.22 ; Mkk = 5 TeV, gz' = 1.57, M/k = 0.18 [c.f. Eq.^-^]. The fourth point [in blue] is for 
Mkk = 4 TeV, gz' = 1.25, M/k = 0.26. We have set (7rs at zero (see text). 



as shows the Higgs mass hinit given as a function of an effective hZ^Z^ couphng value, obtained in 
[29]. 

In Fig. ([2]), we also draw the points corresponding to the theoretical predictions for the values of 
Sjis Ei'iid Trs in the RS framework: we see that for Mkk as low as 3 TeV and gz' = A^ti /kRc — 2.23 
(typical perturbativity limit ^TOJ), the theoretical point in {Trs,>S'rs} still belongs to a reasonable 
fit quality region at 37.3% [xVlO = 1.08] for mn = 115 GeV (close to the LEP2 limit). Taking 
gz' at its highest value and a minus sign in the sin^ 9' expression (pi) allows to optimize the effect 
of the second (negative) term in Eq.([8]). This tends to decrease S'rs and in turn to improve the 
fit as exhibits Fig.(|2]). For the three other theoretical points of the figure, with larger Mkk and 
smaller gz', the second term of Eq.(|8]) has no significant effect. Concerning the Trs parameter, 
its expression depends on Mkk and gz' (via g) but also, in contrast with S'rs, on the SU(2)r 
breaking mass M (see Eq.(|9|) so that its amount can be controlled independently of S'rs- Here 
we systematically choose an M value (and in turn a Trs value) which optimizes the EW fit, for 
a given S'rs value. It is remarkable that all the M values obtained in this way have an order of 
magnitude close to k, so that no new energy scale is introduced in the RS scenario (which has 
typically a unique fundamental scale), but are smaller than k which guarantees a small breaking 
of the custodial-isospin in the bulk. We see on Fig. ([2]) that for Mkk increased up to 4 TeV, the 
theoretical predictions for S'rs and Trs can reach the domain at 55.6% for rrih = 115 GeV, and the 
EW fit is even more improved for Mkk = 5 TeV due to the smaller S'rs contribution (c.f. Eq.([8])). 
Ivlotivated by the little hierarchy problem, we do not consider Mkk values larger than 5 TeV. 
Now increasing rrih results in a shift of the x^ ellipses towards larger Trs and smaller Srs values, so 
that the fit would get worse for the three fixed points at Mkk = 3, 4, 5 TeV discussed above (and 
almost aligned in Fig. ([2])) if rrih > 115 GeV. With Mkk = 4 TeV (which determines S'rs), while the 
best-fit point reachable (by controlling Trs) is at 55.6% for nih = 115 GeV, it is only at 42.3% for 
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rrih = 190 GeV as shown in Fig. ([2]). However, for irih as large as 190 GeV, the point associated to 
Mkk = 4 TeV and M/k = 0.26 still gives rise to an acceptable EW fit at 42.3% which corresponds 
to x^/10 — 1-02. The heavy Higgs regime has even been explored: we obtain that the RS fit is at 
25.3% [xVlO = 1.25] for nih = 500 GeV, Mkk = 4 TeV, gz' = 1.25 and M/k = 0.32. 

Comparison SM/RS: By comparing Fig. ([I]) and Fig. ([2]), we conclude that a better EW fit 
can be achieved in the case of the RS scenario than in the SM situation, for Mkk = 3,4,5 TeV 
and TUh = 115 GeV. This is also true for Mkk = 4 TeV and rrih = 190 GeV since a fit at 42.3% 
can be reached in the RS framework whereas it is worse than 10.3% in the SM, as show the two 
figures. We have verified that the fit can be improved in the RS scenario, compared to the SM, for 
Mkk = 3, 4, 5 TeV, any possible gz' value and m^ > 115 GeV. 

There are two reasons for this improvement. First, there is possibly a positive contribution to the T 
parameter in the RS context, in contrast with the SM where T vanishes (like S). This contribution 
allows to have theoretical predictions for S-rs, ^rs that reach regions of better goodness-of-fit, since 
the best-fit point is in a region where T is positive (see the two figures). The second reason is that, 
generically, the theoretical points in the {Trs,5'rs} plan of Fig. ([2]) belong to domains of higher 
goodness-of-fit, relatively to Fig. ([I]) [at comparable distances from the absolute best-fit point]. 
Indeed, the best-fit point at the center of ellipses in Fig. pi) corresponds to a level of agreement of 
78.1% (77.2%) whereas it is only at 17% (16.5%) in Fig.jlf for rrih = 115 GeV (190 GeV). This is 
explained by the fact that the fit results, obtained for the SM case in Fig. ([I]), are degraded due to 
the inclusion in the EW data set of the sin^ 6'g'j^* value deduced directly from ApQ{mzo) by using 
its SM definition (see above); this sin^ 6'^^ value at 0.23221 ± 0.00029 differs by more than three 
standard deviations from the other experimental value 0.23098 ± 0.00026 which is extracted via the 
Ae{SLD) measurement (these two sin^ 6'^'^^* values are the most precise among the six individual 
measurements) [IT]. 

Best— fit jrih'. Another important aspect is that there exist values of the parameters Mkk, 
gz' and M/k for which the best EW fit occurs for an Higgs mass in agreement with its direct 
LEP2 limit. For instance, with the values corresponding to the blue point in the plan {Trs, >S'rs} of 
Fig. ([2]), the best-fit value of rrih is typically ~ 190 GeV |80] as can be seen from the oblique shift of 
ellipses due to an rrih variation (see also e.g. [ID])- Indeed, moving away from rrih = 190 GeV, the 
blue ellipse at 42.3% would be translated such that the fixed theoretical blue point would become 
located outside this ellipse and would then correspond to a quality of the fit of precision EW data 
lower than 42.3%. 

Therefore, within our RS scenario, the best-fit value of rrih [the sin^ 9^^ value, derived directly 
from A^p^{mzo), being not included in this fit] can be higher than the LEP2 limit of 114.4 GeV, in 
contrast with the pure SM context discussed in the introduction. The reason for this increase of the 
best-fit Higgs mass with respect to the SM is that the parameter Trs gets a positive contribution 
due to the bulk breaking of the custodial symmetry, which thus appears to be important here. 
Indeed, the S, T values for the SM vanish, and correspond to the origin of Fig.(|2]), so that the best 
EW fit is clearly reached for rrih below 115 GeV as recalled in Section |T] 

IV. THE THIRD QUARK GENERATION SECTOR 

Solving the A'^p^ anomaly: In the sector of third generation quarks, the most crucial EW con- 
straints come from the precise measurements of the EW observables A'^p^ and Rb. The deviation, 
between the measured value of ^^^(m^o) at the Z^ pole [Ap^ = 0.0992 ±0.0016] and its SM expec- 
tation [A^p^ = 0.1037 ±0.0008 for a reference value of the Higgs boson mass at rrih = 129 GeV] |T7], 
reaches nearly the 3a level and is thus the highest one among all EW data. Now if some KK excita- 
tions induce large corrections to the Z° vertex of order {6g^/gjl) ~ ±30% and (Sg^o/g^o) ~ — 1% 
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[23], then this ^^^(m^o) anomaly is addressed, by reducing the theoretical asymmetry prediction, 
while keeping the Ri, prediction {Rf, = 0.2158 in the SM) in agreement with the experimental value: 
Rf, = 0.21629 ±0.00066 ^7\. It was also shown in |23| that for such vertex corrections, the global fit, 
of the data on Ri, and all the v4^^ measurements at various center of mass energies, is significantly 
improved as well with respect to the SM case. In this part of the paper, we are going to show that 
these amounts of vertex corrections can effectively be induced through the two simultaneous mixing 
effects arising in the RS model: the mixing of the 6-quark with fermionic KK excitations [of type 
Q] and the mixing between Z° and Z("),Z'(") [see Eq.Q]. 

First, we point out a problem of incompatibility of the q parameter values arising when one 
tempts simultaneously to reproduce the correct b, t masses (via the wave function overlap mech- 
anism) and the wanted shifts Sg^J"^ /g^J'^ described just above. The SM t^ quark is generically 
a single component of a larger multiplet (noted {t^}) embedded in a certain representation under 
the enhanced EW gauge group SU(2)lxSU(2)rxU(1)x- The t^ partners [HI], belonging to the 
multiplet {t^}, have ( — h) boundary conditions and do not possess zero-modes. The first KK 
excitation of these custodians, like e.g. a 6^, has a mass decreasing with q^ [8], the 5-dimensional 
parameter of the multiplet {t^}. The search at colliders for exotic quarks induces a lower bound 
on this mass typically around ~ 300 GeV [lOj which translates into q^ > —0.5 [for M^k = 3 
TeV]. With such a q^ range allowed, one is forced to consider cg^ < 0.25 in order to generate a 
correct top quark mass [the 5-dimensional Yukawa coupling constants are taken real for simplicity, 
and, universally equal to k~^ here to avoid the introduction of new energy scales in the RS theory]. 
The limit cq^ < 0.25, in turn, leads to C{,^ > 0.60 if the bottom quark mass is to be generated 

b^ b^ 

via the same geometrical mechanism. Now, even with c;,^ > 0.55, the shift {S gj^/gjl) \y,oson due 
to Z^"\Z'^'^^ mixings cannot exceed ~ +5% (see Eq.(^lh for Mkk = 3 TeV, and, the reasonable 
condition m^\ < 6 which limits the field content of the model. Indeed, choosing a large c?,^ tends to 
localize 6^ towards the UV boundary and thus to reduce its 4-dimensional coupling with Z^"\Z'^^\ 

b^ b^ L 

The shift {SgJl/gJl)\iermion, caused by the b mixing with b' states (see Eq.(7)), cannot increase 
significantly the global gjl shift since it never exceeds the order of the percent typically (see later). 

A possible mechanism: A way out of this problem is provided by the following mecha- 
nism. We assume that the Yukawa couplings have of a form in the Lagrangian: 'H{t'j^}{QiL} and 
'H{Q2L}{b'fi} (where QiL = {tiL,biLy [i = 1,2] are two different SU(2)l doublets of left-handed 
fields) which must be invariant under the bulk gauge symmetry SU(3)cX SU(2)LxSU(2)RxU(l)x• 
Hence, the top mass is controlled by the parameters ci and q^ whereas the bottom mass is 
determined by C2 and c^^. In other words, the top and bottom masses are fixed independently via 
different sets of q parameters so that the above problem is avoided. 

The left-handed quarks t^ and 6^ must belong to the same SM SU(2)l doublet Ql. By consequence, 
Ql has to be an admixture of Qn and Q2L, which means that there should be a certain mixing 
between the whole multiplets {Qil} and {Q2l}- Now there is no particular reason why {Qil} and 
{Q2l} should be embedded into an identical representation and have same quantum numbers under 
SU(2)rxU(1)x- Therefore, generally, the mixing between {Qil} and {Q2l} goes with a breaking 
of the SU(2)rxU(1)x symmetry through some mass mixing terms. Such mass mixing terms can 
exist on the UV boundary as SU(2)rxU(1)x is broken on the Planck-brane (see Introduction and 
Section [n]). 

A first possibility is that there exist mass terms mixing directly {Qil} and {Q2l} on the Planck- 
brane. Eitherwise, one can introduce a new field {Qr} localized on the Planck-brane and having 
mass terms mixing itself with {Qil}^{Q2l}- Then, while the SM Ql field would be a combination 
of the zero-modes of Qil and Q2L, one could get rid of the orthogonal combination (an extra 
zero-mode of doublet Ql) e.g. through a mass term mixing it with the field on Planck-brane: Qr. 
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Fermion representations: In the following, we consider scenarios with different representations of 
{Qil}, {Q2l}, {bn} and {t^} under the enhanced EW bulk symmetry SU(2)l x SU(2)r x U(1)x. The 
choice of these representations determines the two shifts Sg^J"^ / 9 zo"\hoson and Sg^J'^ /gzo"^\iermion, 



'^L/R I b^/ji 



and in particular, their sign. Indeed, Sg^J /9zo koson is fixed (c./. Eq.(l ) by Q^/ and in turn 



' llTi-i~rici/~\-i-riciT'ciiiHci An ' In ' 



^b 



L/R 

'3L 



(c./. Eq.(3)) by I^pl . On the other side, 6g^o /g^d |fermion relies (c./. Eq.(7)) on the isospin /. 
of fermion KK excitations (with electric charge —1/3 like e.g. a V^i^^ mixing with fe^/ij. This shift 
due to fermion mixing also depends upon the mixing angle 6^^ (introduced in Eq.([7|) that results 
from the mass matrix for hiiR and KK excitations of identical electric charge. Now this mass matrix 
originates from the Yukawa couplings which involve Clebsch-Gordan coefficients due to products of 
the chosen top/bottom quark representations. 

More precisely, the first three models that will be considered in next subsections constitute the 
obtained exhaustive list of minimal top/bottom representations (i.e. not larger than the multiplet 
3 under an individual symmetry) [82] which both (1) lead to the above global shift values of 

5g^J^ I g^d^ allowing to address the A^p^ anomaly [i.e. the global fit of A^p^ and Ri, is required 
to be better than 10% : see later] (2) permit to reproduce good irth and mt values. An additional 
requirement is that the typical widths of obtained parameter space domains, fulffiling both (1) and 
(2), are not neglectable with respect to the parameters themselves (roughly Ac/|c| = 0{1)). 
We finish this part by commenting on light fermion representations: one option is to embed 
the other fermion families - namely the first two quark generations plus leptons - into the same 
SU(2)lX SU(2)r representations as {Qil}, {Q2l\^ {b%} and {t^} respectively, thus with a similar 
duplication mechanism through the introduction of two left-handed SU(2)l doublets having 
identical [SM] quantum numbers (both doublets associated to the c-parameter characteristic of 
light fermions: Cught > 0.5). Anyway, the choice of these (light) fermion representations does not 
affect the study of Section |TlT] on the 5'r,s,Trs,%.s quantities parameterizing KK gauge boson mixing 
effects. Indeed, the Qz^^ charge for SM light fermions /l//?, depending on I^^'^'^ (see Eq.(3)), does 
not play any role in computed corrections on EW observables as the whole Z' coupling to sM light 
fermions vanishes due to the wave function overlap factor in the regime of large cught [23] ■ 

A. Model I 

Within our first model, the third generation quark representations/charges under 
SU(2)LxSU(2)RxU(l)xare: 

{Q,l} = (2,l)i/6 = (^l\'^^ {t^n} = (3,2)i/6 = I t^n &g' | (12) 

{Q,,} ^ (2,3)_5/6 = ff'" /"^ <-^/-^)A |5^} ^ (i,2)_5/6 = {b'k Qt'mR) (13) 

where e.g. (3, 2)i/6 indicates a triplet under SU(2)l being also a 2 representation under SU(2)r 

with a charge Qj^ = 1/6 with respect to U(l)x- Furthermore, the multiplet components, with 
one or several superscripts ', are fields with boundary conditions of kind ( — h) and do not possess 
zero-modes, whereas the other components obey boundary conditions (++) and their zero-modes 
constitute SM fields. For example, q'/^/^^l represents a left-handed exotic quark with electric charge 

—4/3. Finally, all these components are written inside multiplets accordingly to the increasing I^^^'^ 

[I^l'^) isospin number order, from right to left (bottom to up) with respect to the SU(2)r (SU(2)l) 
group. 
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Besides, with our notations/conventions, the Higgs boson representation under the custodial sym- 
metry is a bidoublet reading as, 



n ^ (2,2)o = {H ^a,H^) = (^ ^o _^)] - ) 



(14) 



where H represents the usual SM Higgs doublet under SU(2)l. 

Therefore, we see easily that the top/bottom Yukawa couplings, written in the fundamental theory in 
terms of 5-dimensional fields, constitute well, with this first choice of representations, some operators 
invariant under the total bulk symmetry SU(3)cXSU(2)lX SU(2)p{,xU(l)x: 

5Yuk. = /"rf^xv^^Af 7^{t^{Qiz.} + \l''n{Q^{b%} + H.c\ (15) 

where G is the determinant of the RS metric and A^'f are the 5-dimensional Yukawa coupling 
constants for b, t. 
At this level, we make a remark which holds also for next models; there is a possible variation on 



the bottom quark multiplet {6^} with respect to Eq.(13), namely 



kc „c// 



{b%} ^ (3,2)_5/6 = I Jr Qtj^R I (16) 

^{-A/3)R ^l-7/3)R 

The new 6^" state, introduced here in the field content, has only a Yukawa mass term of type 
^L ^R • -'■^ particular, there is neither direct mixing mass term of the form &2L"r ["^^^ ^° 
the SU(2)lX SU(2)r structure] nor ^i^^^' [as a Yukawa coupling of type Ti-{QiL}{b'}i} would 
not be gauge invariant] nor 6^ 6^ [since 6^ and 6^" are in the same multiplet]. Therefore, no 
strong mixing between the SM b and the new b'^"' arises (it is only an indirect mixing through 
b'l^). The consequences are that there is neither a noteworthy effect on mb f83| nor a significant 



contribution to Sg^J"^ /dzo'^liermion- This is the reason why in case of Eq.((16)), we find (posi- 



tive) numerical results/plots almost identical to the case (13) and we will not present those explicitly. 



Mass matrix: First, we describe the mass matrix for the bottom quark and KK excitations 



arising with the representations (12)-(13), a matrix that turns out to be useful for the following. 
We do not consider the mixing with the first two generations of down quarks since considering the 
whole mass matrix would require to specify the three flavor model assumed (including all Yukawa 
coupling constant values and the choice of c-parameters for different left /right-handed quarks) 
which has to reproduce quark masses, a task beyond the scope of our work. The fact of not taking 
into account the mixing with d,s does not affect at all the final shift Sg^J^ /g^J^lfermion since d,s 

have of course the same g^o'^ couplings as the b quark. Besides, neglecting the b mixing with d,s 
should not a priori modify greatly the bottom mass obtained by diagonalizing the whole mass 
matrix cause the Vckm mixing angles are small [10]. Nevertheless, in order to take into account this 
approximation effect, we will introduce an uncertainty range for the bottom mass when trying to 
reproduce its value theoretically from the geometrical mechanism (this uncertainty is also motivated 
by later considerations on the energy scale dependence of fermion masses). 
Hence, we present the bottom mass matrix Ai^ in the field basis 

VT/* - l'A^(O) /i'(l) ^^='(1) /i^"(l) /,'='(2) ^c//(2)^ jt _ fAO) ,'(1) ,c/(l) ,c//(l) ,c/(2) ,c//(2)^ 

where the superscript '•"'' [n = 0,1,2,...] indicates the KK excitation level. We have checked 
numerically that these sets of lightest fermionic KK states are the most important in the calculation 
of the smallest A4b eigenvalue noted mt, (which should be equal to the measured value of the bottom 
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^L/R lJ>L/R\ 



quark mass), irti,^ [the second smallest M.^, eigenvalue] and 55'2^^'^/5'zo^"lfermion- It means that heavier 
modes of the KK towers tend to decouple and taking them into account does not change significantly 

the theoretical predictions for mh, rrib^ and Sg^J"^ /g^J'^lfermion- 
Aiter EWSB, the bottom-like quarks get Dirac masses through the Yukawa couplings (which must 
be contracted with respect to group representations). These mass terms read, in the 4-dimensional 
effective Lagrangian, as [with cg = cos^; sg = sin^]: 
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'v/\^7rRc, rric^''' is the n-th KK mass for ( — h) fields (m'c/'' tends to be small if q^ 

is reduced, in order to reproduce rrit) and 9 is the effective angle of the mixing between b\£ and 

62^ resulting in the b\^ field with SM quantum numbers. In the above mass matrix, fc / \J2'kRc 

and gc I \/'2'T^Rc stand for the wave functions of the n-th KK mode of a field characterized by the 
c-parameter and, respectively, (++) and ( — V) boundary conditions; all wave function values are 
taken at the position of the TeV-brane, a:5 = 7ri?c (where is confined the Higgs boson). For instance. 



ff\^^) 



,(0.5-c)fc|a'5| 



v/(l - 2c)7rfci?e/\/e(i-2^)"^^= - 1. 



Some zeroes among the matrix elements in Eq.(17) are due the fact that the (H — ) fields 6^ , h\ 



and \)^ have a Dirichlet boundary condition on the TeV-brane and hence do not couple to the Higgs 
boson. The presence of zeroes is also partly explained by the fact that there is no mass term mixing 
^R/L with h\j^^ or &^"/^ , since there exist no Yukawa coupling between {(^2l\ and {t^} invariant 
under U(l)x ({<52l} and {t^} have different Qx charges). 
The matrix of Eq.(17) is diagonalized by 6 x 6 (in a good approximation) unitary matrices Ui,ljr, 



via the basis transformation "^^m - 



'■ UhL/R^L/R 



UbLMbUlp, = diag {nib, rrib^,...) (18) 

mb having to be associated with the experimental value for the bottom quark mass (the unitary 
matrices are chosen such that rrib < rrib^ < ...). The "^^/^ components are the bottom mass 
eigenstates. 



Z^ couplings: Now, one is able to derive the Z^ couplings to bottom quarks, first, in the 
weak basis, and then, in the mass basis. In the weak basis, the 4-dimensional effective Lagrangian 
of the Neutral Current interaction for left-handed bottom quarks is given by. 






^^phys^i^7M^fci^i where. 
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bL I „2r„biL| I „2r^62i| 



with QbLll — dzO + Sgdg ^o\\,oson + CQ5g^o\\,oson- 

Strictly speaking, this Lagrangian describes the interaction of the physical state Z^^ rather than 
the SM Z^ boson; Z'^L is the lightest eigenstate of the mass matrix mixing Z^ ^Z^'^\Z'^'^^ [53] and 
its mass is equal to the measured mass m^o. In Eq.(19), e.g. 5g^o\\,oson depends on ci [see Eq.(l)] 



and Q^f' relying on I^]^ [see Eq.(p|] which is dictated by the {Qn} representation [see Eq.(12) 
For instance, the correction to the Z%^j} b^ vertex due to gauge boson mixing is differen 
the correction to the SM vertex Z%\^ h\^ since 6^ Wl] i^ ^ -^K excitation [zero-mode] of a fie 



with ( — h) [(++)] boundary conditions. The Z%'j} bj} correction, noted 6g^o \z'W ^^ Eq.(19) 



is at order {v/MkkY ^^^1 gives rise in turn (through the fermion mixing generated by M.b) to a 
deviation of SM coupling Z%j^ h\^ at order {v/m'c Y{v/MkkY -, which is thus a subleading effect 
compared to the direct deviations 5g^o ^Iboson at order {v/Mkk)'^ [c.f. Eq.(l|]. In the calculation 

^c,(l) 

of 5g^o Iz'(i)) ^6 have considered the main boson mixing effects, namely the mixings with the first 



neutral KK states Z^^'^ and Z''^^\ which depend on the free parameters gz' and M^k [M]- ^gfo |z'(i) 
is also determined by the 4-dimensional effective couplings Z'^^^lf^ h\ and Z'^^W^} 6^ which 
involve gz, gz', Qz^i Qz' ^^'^ the 6^ location (necessary to compute the wave function overlap 
between 6^ and Z^-"^^ or Z'^^'') fixed by the q^ parameter. 

The orthonormality property for fermion wave functions together with the flatness of Z^ profile along 
the fifth dimension result in a vanishing overlap factor eliminating e.g. the coupling Z°6^ 6^ . 
However, the coupling Zpj^ 6^ 6^ receives a contribution, from the small Z'^^^ and Z''^^^ compo- 



feC'(l-2) . 



nents of the ^phys state, which is written as 5g^Q Ig/ci) in Eq.(19). 

Moving to the mass basis, the ^phys interaction is described by the Lagrangian: 



.b 



^Nc = 4hys ^Z' 7m Q'Sl ^r, where, g^, = U^l G^l V^- (20) 

The physical state associated to the bottom quark is the lightest eigenstate of A^b with mass m\, and 
noted: 6physL/i? (first component of '^'^i^. Its coupling to -^phys is given by the matrix element ^^n 
(first line and first column). Hence the relative deviation of the observed coupling ^phys^physL^physL 
with respect to the pure SM coupling Z%i})i^ reads as. 



^9 



9zo 



bL 



Qrn _ ol 



TOTAL 9z° 



(21) 



This shift is a combination of both the effects from neutral gauge boson [type ([T|] and fermion [type 

([T])] mixings. 

A similar analysis of the ^p^ys coupling matrix in the mass basis can be easily performed for 

the right-handed bottom-like quarks, and, the shift ^(j'^^/s'^ijI total is derived through an analog 
method. 

In the present model, ^^'^^/fi'^^l boson, given by Eq.(|lj), is positive for relevant c values. Besides, 
the formula (M) indicates that the individual mixings of 6^ , h^ ,6^ with 6^ give different 
sign contributions to the shift ^S'^^/S'^? I fermion- Adding all these fermion mixings together lead to a 
positive global correction (Jfi'^^/fi'^^l fermion- Hence, the combined effect of fermion and boson mixings 
gives rise to SgJl/gJl\TOTAL > 0, as wanted to address the Ap^ anomaly question. In contrast, we 
find here that Sg%/g%\y,oson < and ^^'zo/^'zo I fermion > 0, whereas (^s-l^o /fi'zo I total < as required. 
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Flavor structure and the A|,^ anomaly: Before presenting numerical results and explor- 
ing the parameter space, one needs to discuss a potential problem caused by the bottom quark 
which occurs generically in RS models with bulk matter: the dangerous down-quark FC couplings 
to the KK gluon excitations, induced by the non-universality in the interaction basis [U E], lead 
to tree-level contributions to mass splittings for the B meson and in the Kaon system which 
become large for Mkk as low as the TeV scale [3, [M] • In particular, for Mkk = 3 TeV, theoretical 
predictions for the CP violation effect in the Kaon system, ex, seem to conflict with experimental 
data [55j. 

Let us recall the origin of this problem. In case the three generations of SM down-quarks are 
localized towards the Planck-brane (i.e. having cught and c-parameters for the b larger than 0.5), 
they possess quasi-universal couplings to first KK gluon excitations f5U|, due to the flat profiles of 
these KK states near the UV boundary, and thus almost no FC couplings are induced in the mass 
basis (RS-GIM mechanism). However, taking both cq^ and c^^ larger than 0.5 is not acceptable, 
as it would lead to a bottom mass nib ^ 10~^ GeV, so the RS-GIM mechanism cannot be fully 
effective. 
In the present context of our mechanism mixing b[l and ftgL? the situation is improved. Indeed, 



we can choose the parameter controlling the bottom mass: C2 [see Eq.(15)] to be smaller than 0.5 
(as done in Fig. ([3])) in order to generate a correct rub value. The important point here is that 
the bottom quark is mainly composed by the field b\£ (see the cos 6* value in Fig. (3)) to which is 
affected a different c-parameter: Ci. Hence, we can fix ci independently from C2 and a priori take 
Ci larger than 0.5 to optimize the RS-GIM mechanism. Concretely, Ci can reach values up to ~ 0.5 
[see Fig.dsl) where remarkably Ci is larger than the relevant C2 values, illustrating the improvement 
with respect to the usual case of a common cq^^] due to the additional requirement of solving the 

Ap^ anomaly (a large Ci can give rise to too small \Sg^J^ /g^J'^WoTAhD- 
The FCNC effect amplitudes depend crucially on global three flavor mass matrices and thus on 
parameter values for each SM fermion generation. Since our goal here is not to elaborate a complete 
three flavor model (predicting all Yukawa couplings and c-parameters), as already mentioned, we 
will not compute the precise FCNC effects in the down-quark sector. Notice that the calculation of 
the contribution to the B mass splitting from KK gluon exchange must also include b — b' mixing 
effects, which has not been done in details so far to our knowledge. 

Anyway, several recent works |57j show that FCNC processes can be suppressed by gauging some 
(SM) flavor symmetries in the bulk, precisely like the SM custodial symmetry is gauged in the bulk 
to reduce corrections on EW observables [HH]. An example of flavor symmetry in this context is the 
non-abelian discrete symmetry A^^ [59j. 

Fit of A^pQ and Rb'. Now that the way of calculating the shifts 55'2t)''^/5'^V'^| total with re- 
spect to SM has been described, one is in a position to compute the predictions for values of A^p^ 
[M] and Rb in the RS context (like in [23]). In Fig.(|3]) we present contour plots of the p-value in 
the plan {ct^,C2} resulting from the global fit of Rb plus the eight measurements of A^p^: three in 
the Z^ pole energy region [TOl [17], four at center of mass energies below [HI [191 [20] and the last 
one far above (190.7 GeV) [22]. In the same figure, we show contour plots of bottom and top quark 



masses. The bottom mass mb is obtained after bi-diagonalizing numerically the mass matrix (17) 



[c./. Eq.(18)]. The top mass nit is obtained similarly once an analog top quark mass matrix is 
derived. 

We now discuss the choice of parameter values taken in Fig. ([3]) starting with the Yukawa coupling 
constants which are dimensionful, indicative of the non-renormalizable nature of the 5-dimensional 
theory. We fix the cut-off of the effective field theory at Kir ~ 2Mkk since the two heaviest 
eigenstates considered, mainly composed by the fe'^*^^-' and fo'^''^^) fields, can reach mass values at most 
equal to 2Mkk typically [as q^, which determines nict , remains smaller than 0.2 in Fig. (3)]. This 
choice thus allows to trust in our treatment of the Higgs coupling to bottom quarks on which relies 
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FIG. 3: Contour levels in the plan {ct^-,c-i\ at 10% [x'^/d.o./. = 1.63 with a degree of freedom at 9] (red dashed-lines) and 
8% [x^/d.o./. = 1.71] (purple dotted-lines) for the fit of the experimental data on Rh and the eight measurements of A!'pq 
at different center of mass energies. For comparison, in the SM, this fit reaches only 0.8% [xIm/'^-"-/- = 2.47]. We also 
present the curves corresponding to rxih = 1;7 GeV (green plain-lines) and mt = 150; 190 GeV (blue plain-lines). These two 
plots, associated to different values of gz' and Mkk (as indicated on the figure), are obtained for Model I with cos^ 9 = 0.10, 
X^°k = 3, Xl°k = 0.4, C6„ = 0.45, ci = 0.47 [plot for Mkk = 3 TeV]; cos^ 61 = 0.10, X^^k = 3, Xl°k = 0.2, a^ = 0.28, 
ci = 0.45 [plot for Mkk = 5 TeV]. 



the mass matrix (17). Indeed, up to the energy scale A/^j, the proper effective dimensionless Yukawa 



couphng constant locahzed on the TeV-brane AA^'^ is required to be in the perturbative regime: 
(A/ijA^'^)^/167r^ < 1. This condition of a weakly coupled theory expresses the fact that typical loop 
corrections are smaller than the lowest order terms. The brane localized Yukawa coupling is related 
to the bulk Yukawa coupling [entering Eq.(15)] (used previously e.g. in |ll|T2]) through Xl^ke~'"^^'' = 
Xh^k (or \i^/R' = \\^ / R using current notations), as confirmed by comparing the zero-mode mass 



in Eq.(17) and in recent references e.g. [55l ETJ [59]. Hence, the perturbativity condition leads to 
I'^b'^l^ < 3 (after replacing by the Mkk expression). We also impose |A^^|/i; > kjM^, M5 being 
the fundamental 5-dimensional Planck scale entirely fixed by the kRc and k (or equivalently Mkk) 
values [1]. For the Mkk values considered (3,4,5 TeV), one gets |A^-^|fc > 0.1. These upper and lower 
hmits on lA^-^l/c guarantee that no totally new energy scale value associated to |A^-^|^ is introduced 
in the theory. Similar constraints are derived for |A^^|fc. The values for |A^^|/c considered in Fig.(p 



satisfy all these constraints. Furthermore, these jA^'^lfc values are chosen such that the parameters 
Cfe^ and Ci are maximized, which allows to minimize FCNC effects (see above discussion). 
Concerning the mass Mkk and coupling gz' as well as the sign entering the sin^ 9' expression (pi) , 
in Fig.(|3]) we take them exactly as in the estimation of the set of three theoretical predictions for 
S'rs,Trs in Fig-(l2])- In particular, the sign in sin^ 6^' is negative and the coupling lies inside the 
allowed range 0.71 < gz' ^ 2.23. For consistency, it is important to consider identical values for 



these three common parameters entering both the S'rsj^rs analysis of Section IIIB and the present 
EW analysis of the heavy generation sector. 

Finally, we have maximized the c^^ and ci values in order to to minimize FCNC effects. It means 
that we have chosen the largest c^^ and Ci values such that it still exist a common region in the plan 
{ct 11,02} where (i) reasonable m^^i values are reproduced (ii) the EW fit is improved compared to 
the SM case. Without maximizing c;,^ and ci, the best-fit curves in Fig.(J3]) at Mkk = 5 TeV could 
have been centered with respect to the domain of acceptable rrib^f 

As already described, the produced SM quark masses increase as their c-parameters decrease 
(which localizes them towards the TeV-brane where lives the Higgs boson). This manifests itself in 
the expression for the zero-mode mass given in first line and first column of matrix (17) in case of 
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the bottom quark. For example, we see clearly on Fig.([3| that m^ increases as C2 decreases, C2 being 



the parameter controlling the bottom mass (see Eq.(15)). The expression for the zero-mode mass 



in Eq.(17) shows also that nib is suppressed by small cos 6* values, as it occurs in Fig.(|3j). Indeed, 
these small values mean that the bottom quark is mainly composed by the b\/^ which has no pure 
zero-mode mass term. 

The choice of letting such an uncertainty on theoretical predictions for rrib^t in Fig.(|3| (respective 
ranges, in GeV, of [1,7] and [150,190]) and of not trying to reproduce exactly the experimental 
■mb,t values is justified by the three flavor mixing effect (see above) together with the following 
considerations on energy. The cut-off energy scale at which the extra-dimension is integrated 
out is typically equal to the lightest KK mass which can be of few hundreds of GeV only (as 
discussed later for custodians). In calculation of predicted values for the EW observables: Rb, Ap^, 
my/±^ Tu and sin^^^'j^*, we have considered gz' as well as the 4-dimensional effective dimensionless 
Yukawa coupling Xl^k (up to geometrical factors) at the typical Z^ pole energy scale. Hence, the 
experimental values for rrib^t to be reproduced must also be considered at an energy /i ^ m^o. 
The effect of renormalization group from the pole masses to the Z^ boson mass scale can be 
important. For instance, within the pure SM, this effect is of 29.5% on the bottom mass which 
is rUb = 4.248 ± 0.046 GeV at its own pole mass, and the same effect reaches a correction of 
6.5% for rrit (still in the SM) [60]. An updated rigorous computation of these corrections within 
the RS context, which relies on loop diagrams including effects from KK states, is beyond the 
scope of the present work. We thus allow for some relative uncertainty on the rrib^t values at /i ^ m^o. 

Discussion: Let us draw our conclusion. One deduces from Fig. (pi) that, in the Model I 
and for Mkk = 3,5 TeV, there are allowed regions of the complete parameter space where: the 
global fit of Rb and A^p^ [at the various center of mass energies] is significantly improved with 
respect to the analog fit of Rb and A''p^ performed within the pure SM situation (which is only 
at 0.8%), and simultaneously, the experimental m^i values are potentially reproducable. We also 
mention in particular that in obtained regions where the EW fit is typically better than 10%, the 
difference between the theoretical expectation for A^p^{mzo) and the corresponding measured value 
is below one standard deviation, thus solving the A''p^ anomaly at the Z° pole. 
Furthermore, we observe that in relevant regions of parameter space obtained (where EW fit is 
improved and rrib^t are reproduced), custodian fermions can reach low masses. For example, the first 
KK excitation of exotic quark qf'^/^\ (in the {t^} multiplet) gets a mass w^ct^ = 1169 GeV [there 
is no mass contribution originating from Yukawa couplings] at the point of low q^: q^ = —0.30, 
C2 = 0.17 in the plot of Fig.(|3|) with Mkk = 3 TeV [83]. 

Heavy Higgs boson regime: We finish this part by discussing the Higgs mass dependence, a 
discussion which holds also for the models considered in next two subsections as similar conclusions 
can be established. In Fig.(|3]) where are presented results of the fit between the experimental data 
on Rb,Ap^ and their theoretical prediction (including the RS-induced corrections), the theoretical 
SM expectations for these EW observables p/7j are taken at the reference value for the Higgs mass: 
nih = 100 GeV [23] (similarly, e.g. mw±\sM depends on the Higgs mass as discussed in Section 



IIIB). The variation of these theoretical SM values with nih is given in a good approximation (61 



by. 



ARb = 3.3 10-^ ln( ^ ) ; AA^^(m^o) = -2.7 10-^ ln( ^ ), (22) 



where we have chosen the Higgs mass reference value to be rn^ = 100 GeV. It is clear from 
Eq.(22) that increasing nih from 100 GeV up to e.g. 115 GeV would not lead to large corrections 
of the theoretical SM predictions for Rb and A^p^{mzo), relatively to their experimental error (see 



beginning of Section IV). In contrast, an heavy Higgs such that m^ > 500 GeV leads to an important 
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decrease of the SM expectation for A^^ at the Z° pole, as well as at the two other LEP energies: 
^^^^(SQ.SSGeV) and y4^g(92.94GeV) [assuming the same dependence on nih], allowing to address 
the anomaly around the pole (compare in particular the new SM prediction of 74^^(m^o) with its 
experimental data given at the beginning of Section IV) since Rf, is not significantly affected by this 
rrih increase and thus remains in a good agreement with its experimental estimation. Then, the 
corrections Sg^J"^/g^J'^\TOTAL due to KK state mixings can still help to improve the SM fit of Rh 
and A'}pQ (at the various energies) data but no more in a significant way, as shown in Fig. Ml). Indeed 
with rrih = 500 GeV, the SM fit is at 27.6% while the RS fit reaches at most 29.0% [e.g. at the point 
C2 = 0.18, Q^ = 0] for the example of parameter set described in Fig.(|4]). 

It was shown in [^I] that if the Higgs boson is heavy, e.g. rrih = 400 GeV, the ^^^^(Tn^o) anomaly 
could also be addressed without custodial symmetry in the bulk. In such a scenario, the only 
corrections to the Z%b vertex would come from the mixings of the Z^ boson and b quark with their 
respective KK excitations. The smallest KK mass would have to be larger than ~ 4 TeV in order 
to soften the corrections to the SM predictions for Ap^ and Rb which would already be in good 
agreement with their experimental measurement. 
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FIG. 4: Contour levels in the plan \^Ctj^, C2} at 28.3% [x^/d-o./. = 1.21 with a degree of freedom at 9] (brown dot-dashed-lines) 
and 10% [x^/rf-o./. = 1.63] (red dashed-lines) for the fit of the experimental data on Rh and the eight measurements of ^^Si 
with vrih ~ 500 GeV. For comparison, the SM fit reaches 27.6% [x%M/d-o.f. = 1.22]. Quark masses are also indicated as 
previously. The plot is obtained for Model I with cos^ 9 = 0.11, X^^k = 3, Xl^k = 0.15, Ci,„ = 0.35, ci = 0.45, gz' = 1.25 and 
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B. Model II 



The second model is characterized by the representations: 



{Q^l} = (2,3; 



1/6 



/^^(5/3)L ^^L &'l 
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b "" 



Here we do not present in details the mass matrices and the derivation of Z^ couplings to bottom 
quarks in the mass basis which allow to determine ^^'^V^/s'^^j'^^Itotal, as the method is similar. 
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In the present model, Sgjl/ gfo\hoson 



b^ b^ b^ 

> and SgJ},/gJ^\{ej.raion > which lead to Sg/^ 



^o/s'z^Itotal > 0, 
whereas 5g%/9%\hoson < and 5 g%/g%\ krmion > giving Sg% /g%\TOTAL < 0. 

In Fig. (IsF are shown for Model II the contour plots of the p-value, for the fit of Rf, and the eight 
measurements of Ap^, together with contour plots of bottom and top quark masses. The results and 
contour plots for this model are generically very close to those obtained for the previous one: Model 
I. Indeed, the main difference between these two models is the appearance of a state 6'^ in the {Qil} 



c(0),/(l) 



multiplet (c./. Eq.(23)) but without direct mixing mass term of the type b^ bf^ . By consequence 



no significant mixing of the SM b quark with this new b' arises. Besides, here the quantum numbers 
of tiL and biL with respect to the custodial symmetry (especially I^^^) are not modified relatively 
to Model I so that Q^f^ [entering Eq.([lj)] is unchanged. 

Due to this similarity of Models I and II, we have chosen to illustrate here other domains of parameter 
space (than in Fig.([3|) where the fit of Rb + A^^b is improved with respect to SM and mh± are 
reproducable. For example, in Fig.(|5]) we have chosen to consider the intermediate case of Mkk = 
4 TeV and gz' = 1.25. The effective Yukawa coupling constants have also been fixed at unity, 
X^^k = 1 and X^^k = 1, to demonstrate that interesting regions are accessible without adjusting 



these couplings. Notice that, in Fig.(|5j), all coupling constants, namely A^ , XI and gz', have values 
which do not saturate their perturbative limit. In particular, as X^^k = 1, the cut-off can even be 
enhanced to Ajr ~ 5Mkk which is still compatible with (A//jA^'^)^/167r^ < 1. 
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II with Mkk = 4 TeV, cos^ 9 = 0.01, APA; = 1, A^fc = 1, ctj, = 0.27, ci = 0. 



Model III 



The last scenario is defined by. 



{Qil} = (2,2; 



2/3 



( ^(5/3)L 






^ {t^} = (1,3)2/3 = (gfW^H b'^k) 



(25) 



{Q2l} = (2,3) 



-5/6 



^ . ^'' f'"^' ) {&^} - (l,2)-5/6 = [h'^n ^Umn) (26) 

O2L y(-4/3)L y(-7/3)L ' 
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For these group representations, 



'^5'z?)/5'z?)|total > 0, while 5g 



"V^^^' 



one has 5g^o/ g^^Woson 



> 0, 



"5'^o / S'^o I fcrmion 



> and 



ZO 



^olboson > 0, (Jfi'^^/c/^^lfermion < and 6gJi>/g^a\TOTAL < 0. 

In Fig. ([6]), we present the contour plots for the p-value as well as for bottom and top quark masses, 
in Model III. At Mkk = 3 TeV, the q^ typical parameter values are minimized for reducing the 
KK mass of the 6*^'^^^ mode (in the {t^} multiplet). For example, at the possible point q^ = —0.25, 
C2 = 0.50, this mass is rrict = 1320 GeV giving rise to a second mass eigenvalue mt,^ = 1241 GeV 
(see Eq.(18)). This q^ minimization is not going with an optimum centering of p-value lines as 
shows Fig.([6j). 

Concerning the two plots of Fig.(|6]) at M^k = 4, 5 TeV, Cf,^ and Ci have been maximized to reduce 
FCNC effects. 
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FIG. 6: Contour levels in the plan {ct^,C2} at 10% [x^/d.o.f. = 1.63 with a degree of freedom at 9] (red dashed-lines) and 
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0.45, ci = 0.45 [plot for Mkk = 3 TeV]; cos^ 6 = 0.3, A?^fc = 1.65, Xl°k = 1.60, ct^ = 0.25, a = 0.33 [plot 



Xl^k = 1.0, Cb 



for Mr 



4 TeV]; cos^ 6* = 0.3, Xt'^k 



2.8, Xl°k 



1.7, Cfc^ = 0.25, ci = 0.43 [plot for Mkk = 5 TeV]. 



For instance, at the point q 



0, 



S9%/9l'^ 



-M.73% and ^^'^o/^'zolfermion 



0.55 of Fig.(|6| for Mkk = 4 TeV, one has e.g. 

/^"olboson — -i-i.(O70 anu og^o/ gzoliermion — —1.72% which iUustratcs the fact that the fermion 

mixing effect is not neglectable at all compared to the boson one; it was important to consider this 

fermion effect throughout this paper. 

As a conclusion, it is also possible in this Model III to find some regions of the parameter space. 
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with MxK = 3, 4, 5 TeV, where both conditions of EW fit improvement and mass reproduction can 
be satisfied. For instance, from the plot of Fig.(|6]) for M^k = 3 TeV, we find that the EW fit reaches 
17.3% [x^/d.o.f. = 1.42] in the RS scenario at the point q^ = -0.24, C2 = 0.53. 



D. Other models 



Minimal model: The first model we comment on in this last subsection is called minimal since 
it possesses the minimum field content, and, it is the one which was originally proposed when the 
custodial symmetry was introduced in the RS scenario [12] . The minimal model is characterized by 
these quark representations: 

{Ql} = (2,l)i/6 = [ll) {in} = (l>2)i/6 = {fk b%) (27) 

{b%} ^ (l,2)i/6 = (tg 6|j) (28) 



The authors of [22] have shown that, for g = g [a choice which fixes gz' as shows Eq.(p])], M^k = 3.75 

TeV and values of CQ^^Ctp^ reproducing the top quark mass, the left-handed Z^ coupling shift, due 

to the gauge boson mixing and the mixing of the SM h quark with the unique h' state, satisfies 

5g%/g%hoTAi.<-l.^%. 

Such a shift at (J^f^^/s'^tjlTOTAL ~ —1.5% with respect to SM is possibly acceptable in the sense that 

it leads to theoretical predictions in a good agreement with measurements of R^, and A^p^, if at 

the same time ^g^ol gz^^TOTAh is positive and large (see quantitative discussion at the beginning of 

I L b^ b^ 

Section IV). However, 5(7^^ /(/^^ I total is either negative or too small so that this minimal model is 



excludedif one searches to address the A^p^ anomaly. 
Furthermore, the limit on the theoretical shift Sg^o/gzoWoTAL ^ —1.5% obtained in [62] does not 
hold for the other models we are considering in the present paper, due to the following main different 
features. First, in the several models studied in this paper, we consider representations which are 



different from Eq.(27)-(28) and give rise to various sign configurations for the individual Z^ coupling 
shifts. For instance, in our Models I and II, one finds Sg^o/gzo\hoson < and ^fi'^^/fi'^^lfermion > (in 
contrast with the minimal model where both are negative) so that a compensation occurs tending 
to decrease \5g^o/gzohoTAL\- Moreover, e.g. in Model II, several b',t' states [with electric charges 
— 1/3,2/3 and boundary conditions ( — h)] are introduced in contrast with Eq.([27|)-([28J). Secondly, 
in this paper we do not assume g = g (fixing gz') and we consider a specific mechanism (mixing 
Qil^Q2l), which allows more freedom on the parameter space than for the minimal model. 

0(3) inspired: The model suggested in [25] is characterized by the symmetry 0(3) = SU(2)v x Plr 
[Plr being a left-right parity] and the associated permitted representations are, 

{Q,} ^ (2,2)2/3 = l^^^'^f^^' ll^ K} ^ (1,1)2/3 = {t^n) (29) 

or {t^} = (1, 3)2/3 © (3, 1)2/3 [otl even {t^} = (3, 3)2/3]. The motivation for imposing this symmetry 
was that it protects the Z'^ vertex by insuring Sg ^o/gzo\icrmion = and Sg^o/gzo\hoson = 0. However, 
for such a shift 5 g ^0 / g zoItotal = 0, the global fit of Rb and Ap^ cannot be significantly improved 

b^ b^ 

compared to the SM case, whatever is the value of Sg^/gJ^\-roTAL |23]. The story does not finish 
here as there are a few sources of small contributions to 5g^i/g^o\TOTAL- The first source is the 
breaking of SU(2)r through boundary conditions which in turn violate the custodial symmetry 
subgroup protecting the SM Z%LbL coupling. Numerically, this gives e.g. Sg J'o/gJ'olhoson — 0.14% 
for Mkk = 3 TeV. Sg^o/gzo\hoson can also receive a contribution from the breaking of Plr due to 
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different coupling constants associated to SU(2)r and SU(2)l: g ^ 9- 

As we have demonstrated in the beginning of Section |IV[ if one wants, at the same time, to 
reproduce the correct b,t masses and to improve the fit on i?b,y4^^, the introduced mechanism 
mixing Qn with Q2L niust be invoked. This is true also in this 0(3) symmetry context. In order 



to generate a top quark mass, one takes {Qil} = {Ql} (see Eq.(29) and Eq.(15)). {Q2L} and {&/?} 
embeddings are then chosen in order to arrange the fit of Rb and A^p^. In general, this choice leads 
to a breaking of the custodial symmetry subgroup, which protects the Z^lBl coupling, via the 
bottom Yukawa coupling sector [25] (it happens to be the case for the models considered in this 
paper). This breaking gives a contribution to (^S'^^/s'^^Itotal and it is naturally weak since the 
ratio mb/rrit has to be small (this is visible through the cos^ suppression in the element 1, 1 of mass 



matrix (17)). 

A slightly different motivation thus arises for the 0(3) symmetry: the smallness of Sg^o/gzoWoTAL 
(~ —1% required) could be explained by the weak breaking effects of the custodial symmetry 
subgroup described above [in analogy with the 't Hooft criteria of naturality]. Nevertheless, we 
have found quantitatively, by taking into account all the above breaking effects contributing to 
the necessary Sg^o/g^oWoTAL, that there exist no complete model of this type (29) respecting the 



0(3) symmetry (slightly violated in the bottom sector) which is able to simultaneously reproduce 
rrih^t and solve the whole A'^p^ anomaly [imposing 10% on the fit]. The reason is that the produced 
value of \5g^o/gzo\TOTAL\ appears systematically to be too small. This is mainly explained by 
the following considerations. For certain {Q2L} representations, ^^'^^o^/ty'^^o^l boson < is generally 
realizable in the bottom sector [0(3) breaking]. Nevertheless, the whole induced \Sg^o/g^o\hoson\ 



{c.f. element 1, 1 of matrix (19) with ^fyf^^o^ | boson — due to 0(3)) is too much suppressed by the 
cos^ 6 factor [too weak 0(3) violation] imposed from the acceptably small mb/mt amount. To be 
noted that, staying with multiplets smaller than 4, the ISg^o/gJitliermionl contribution is also not 
sufficiently large due to the {&/?} multiplet structure [to which possibly belong the 6^ having a 
direct mixing mass term with 621,] that is needed to generate a satisfactory ^g^/g^oWoTAh- 

Model IV: In order to show that it is possible to construct a model, with some representa- 
tion larger than 3, allowing to fulfill both conditions of EW fit improvement and mass reproduction, 
we simply present an example of model that we find to be of this kind. It consists of a multiplet 
extension just from the top quark sector of Model III, introducing no new h' or t' state: 

\ 'i{5/3)L ^L "IL J 
b^ b^ b^ b'^ b^ b^ 

We find, once more, 5g^,/ g^o\hoson > 0, SgJ'o/gz^ermion > and ^^-^V^'z^'Itotal > 0, while 

^5'zo/5'zo|boson > 0, Sg% /g'^J'olicrmion < and Sg^J-o/g^WoTAh < 0. 

The quantitative results and plots that we obtain for the present model are comparable to those 
obtained for Model III. The small differences originate from two sources: (a) different Clebsch- 
Gordan coefficients induce new mass matrix elements and in turn deviations on rub^t as well as on 
^gzo/gzo\iermion (b) a different quantum number for biL, namely its isospin I^}^ , is modified so that 
'^fi'zo/fi'zolboson is affected, via Q%'' . 

V. CONCLUSION 

In the RS framework with a bulk custodial symmetry, we have elaborated the set of realistic 
models, defined by fermion representations smaller than 4 and based on the necessary mechanism 
introducing two left-handed doublets Qil, which can explain precision EW data in the heavy quark 
sector. Indeed, these models allow to solve the A^p^ anomaly at the Z° pole and outside the 
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resonance domain - thanks to KK fermion and boson mixing effects - while Iceeping the predictions 

for Rh and m^^f in good agreement with experimental values. More precisely, the global fit of Rb and 

^FB [^^ t^^ various center of mass energies] is significantly improved with respect to the pure SM 

case, for M^k = 3,4,5 TeV (higher energy scales were not considered to not worsen the remaining 

little hierarchy problem). In the heavy Higgs regime, ruh > 500 GeV, this improvement is not 

systematically significant. 

Moreover, we have shown that the obtained models can simultaneously lead also to an important 

improvement (compared to SM) of the fit on EW observables in the light fermion and gauge boson 

sector. This was done by considering a fix set of values, for the fundamental parameters entering 

both the Ap^ and obhque parameter analyses: M^k and gz' (as well as the sign determining sin^ 9'), 

being common to both analyses. 

As a matter of fact, concerning the EW fit, the theoretical estimations for S'rs^^rs can reach domains 

of higher degree of agreement (relatively to SM) in the case of the obtained models, for M^k = 3 — 5 

TeV, any allowed gz' value and rrih > 115 GeV. In particular, if rrih = 500 GeV, while the EW fit is 

at a dramatic degree of agreement of 2.5 10~^ in the SM, it can still be acceptable in the RS scenario 

[e.g. at 25.3% for Mkk = 4 TeV, gz' = 1.25] opening up the possibility of an heavy Higgs boson 

regime. 

Besides, the best EW fit can correspond to an Higgs mass such that rrih > 115 GeV, allowing then 

to respect the LEP2 lower bound, which is impossible within the SM framework. 

Inside the relevant domains of parameter space (where EW fits are improved and mb,t are 
reproducable), custodians [states like b', (l?i,i^\,- ■ ■] can reach quite low masses. As discussed, such 
particles could be as low as ~ 1200 GeV which, in view of the LHC physics, is considerably smaller 
than the typical favored value for the first KK gauge boson mass: Mkk ~ 4 TeV. Therefore, within 
the models obtained here, the (single) custodian production [HHl [M] might lead to stronger effects 
and more visible signatures at LHC, relatively to the production of KK excitations of gauge bosons 

[511 ESI ESI Ea Eg. 

This conclusion illustrates the fact that precision EW data may continue to benefit from a certain 
emphasis in the future. Indeed, the constraints on a given parameter space coming from EW data 
serve as a guide for testing new physics at the LHC. Moreover, if some physics beyond the SM is 
discovered at an high-energy collider, one would have to study the new physics effects on EW fits 
(possibly including results from the Z^ boson factory project Giga-Z); a global interpretation [e.g. 
through b' effects] of both the high-energy data and the precision EW data would then constitute a 
solid confirmation of the theoretical picture. 
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